In organic photovoltaic systems, a photogenerated molecular exciton in the donor domain dissociates into a hole and an electron at the donor/acceptor heterojunction, and subsequently separate into free charge carriers that can be extracted as photocurrents. The recombination of the onceseparated electron and hole is a major loss mechanism in photovoltaic systems, which controls their performance. Hence, efficient photovoltaic systems need built-in ratchet mechanisms, namely, ultrafast charge separation and retarded charge recombination. In order to obtain insight into the internal working of the experimentally observed ultrafast long-range charge separation and protection against charge recombination, we theoretically investigate a potential ratchet mechanism arising from the combination of quantum delocalization and its destruction by performing numerically accurate quantum-dynamics calculations on a model system. It is demonstrated that the non-Markovian effect originating from the slow polaron formation strongly suppresses the electron transfer reaction back to the interfacial charge-transfer state stabilized at the donor/accepter interface and that it plays a critical role in maintaining the long-range electron-hole separation.
In organic photovoltaic systems, a photogenerated molecular exciton in the donor domain dissociates into a hole and an electron at the donor/acceptor heterojunction, and subsequently separate into free charge carriers that can be extracted as photocurrents. The recombination of the onceseparated electron and hole is a major loss mechanism in photovoltaic systems, which controls their performance. Hence, efficient photovoltaic systems need built-in ratchet mechanisms, namely, ultrafast charge separation and retarded charge recombination. In order to obtain insight into the internal working of the experimentally observed ultrafast long-range charge separation and protection against charge recombination, we theoretically investigate a potential ratchet mechanism arising from the combination of quantum delocalization and its destruction by performing numerically accurate quantum-dynamics calculations on a model system. It is demonstrated that the non-Markovian effect originating from the slow polaron formation strongly suppresses the electron transfer reaction back to the interfacial charge-transfer state stabilized at the donor/accepter interface and that it plays a critical role in maintaining the long-range electron-hole separation.
Great strides in the development of organic solar cells have posed fundamental physical problems in quantumdynamical phenomena related to the exciton and charge generation and transport in complex molecular systems. Organic photovoltaic (OPV) systems consist of a blend of donor and acceptor organic materials. The photogenerated molecular exciton in the donor domain dissociates at the donor/acceptor heterojunction into a hole and an electron, which subsequently separate into free charge carriers to be extracted as photocurrents. In efficient OPV materials, in which fullerenes are utilized as the acceptor domain, for example, the electron and hole escape from the heterojunction and long-range charge separation (CS) proceeds efficiently [1, 2] .
However, a question naturally arises concerning the physical mechanism of the long-range CS process. The electron and hole are subject to their mutual Coulomb attraction, and hence they may be thought to relax to a bound electron-hole pair localized at the interface, giving rise to an interfacial charge transfer (CT) state. As the dielectric constants of organic materials are typically small, the electron-hole binding energy (0.20 − 0.50 eV [3] [4] [5] ) can be one order of magnitude larger than the thermal energy at room temperature (∼ 0.026 eV). Consequently, the Coulomb attraction can stabilize the CT state at the interface [6] . For understanding the crucial factors that determine the energy conversion efficiency of organic solar cells, it is important to elucidate the physical mechanisms of how the electron and hole escape from the donor/acceptor interface, surmounting the Coulomb barrier, and produce mobile charge carriers.
Recent spectroscopic measurements revealed that the long-range CS process took place on an ultrafast timescale, within a few hundred femtoseconds [7] [8] [9] [10] [11] . Over the past few years, two mechanisms have been the subject of controversy. One mechanism proposed that the excess energy of the photogenerated exciton could help the charges surmount the Coulomb barrier, i.e., the so-called hot exciton dissociation mechanism [7] [8] [9] . The other proposed that the quantum delocalization of the charges could reduce the Coulomb barrier [12, 13] . Tamura and Burghardt attributed the ultrafast CS process to a hybrid mechanism, namely, the charge delocalization and generation of vibronically hot interfacial CT states [14] .
However, no broad consensus has been achieved concerning the physical origins of the ultrafast CS process, at present. Another significant question concerns the avoidance of the recombination of the once-separated electron and hole or the relaxation to the interfacial CT state [15] . The recombination is a major loss mechanism in photovoltaic materials, which controls their performance. Hence, efficient photovoltaic systems need a type of builtin ratchet mechanism, namely, ultrafast charge separation and retarded charge recombination [16] . Here, we note that a similar issue was addressed [17] [18] [19] [20] while investigating the underlying mechanisms of the observed long-lived coherence and its potential role in photosynthetic light harvesting [21] . The following mechanism was conjectured: A fast forward transfer involves ballistic evolution, arising from quantum delocalization. This quantum delocalization facilitates energetic uphill transfer and avoids local energetic traps. However, such free evolution would allow facile backward transfer, away from the destination, and thus, the next process would be decoherence, which localizes the product state. Then, the backward transfer is suppressed because it requires incoherent hopping that needs to overcome free energy barriers. These steps are hypothesized to be able to ensure rectifying actions. Recently, a similar mechanism The electron located at the donor/acceptor interface is transferred via quantum delocalization and long-range charge separation is achieved as a fast process. The backward propagation of the electron is described by the incoherent hopping motion, which is a slow process. Therefore, the recombination is suppressed by the dynamical coherent-incoherent transition. (b) The dynamical transition is caused by the small polaron formation, which is induced by the coupling with the surrounding phonon environment. The timescale of the polaron formation significantly affects the timescale of both the coherent-incoherent transition and the recombination.
was discussed for ultrafast long-range charge separation in OPV systems [10, 22] .
However, the ratchet effect in the quantum dynamics of exciton and charge transport still remains a speculation, and the relevance has not yet been proven theoretically or experimentally. In this letter, we theoretically examine a quantum-classical ratchet mechanism that is made possible via the combination of quantum delocalization and its destruction in order to obtain insight into the inner working of ultrafast long-range CS and protection against the charge recombination or relaxation to the CT state stabilized at the donor/acceptor interface.
Model.-In OPV systems, mobile charges strongly interact with the organic molecular environment, and thus, the environmental reorganization, or correspondingly, the small polaron formation, proceeds with a finite timescale, where the charges are dressed in environmental phonon clouds. Consequently, the mobility of the charges is reduced [23] . Before the polaron formation is completed, however, quantum delocalization of the mobile charges might be sustained even in the presence of the strong interaction with the environment [24] , and thus, the charges can move freely. To describe both the dissipationless forward propagation of the charges through quantum delocalization and the small polaron formation with a finite timescale suppressing the relaxation back to the interfacial CT state, it is required to employ a non-Markovian quantum-dynamic theory on the basis of equations of motion for reduced density operators of open quantum systems.
In order to model the photogenerated exciton, the interfacial CT state, and the subsequent CS dynamics, we fix the hole at the interface and consider a finite one-dimensional lattice [25] as a model of the acceptor domain, where each site corresponds to an acceptor molecule and the lattice constant presents the distance between the contiguous sites. Site 0 stands for the interface, and the electron at site 0 corresponds to the photogenerated Frenkel exciton. On the other hand, site n (n = 1, . . . , N ) is located at a distance of L n = n from the interface, and thus, the electron at site n is bounded with the hole via the Coulomb potential, E n = −e 2 /4πε 0 ε r L n with e, ε 0 , and ε r being the elementary charge, permittivity of vacuum, and dielectric constant, respectively. See Fig. 1 . Throughout this letter, the bounded electron-hole pair states are termed the CT states, for distinguishing them from the free charge carriers.
Let |n denote the state where the electron is localized at site n. Then, the Hamiltonian of the exciton (XT) and CT states is given asĤ
, where V 10 = V XT−CT represents the exciton-CT coupling and V 21 = · · · = V N,N −1 = V CT the CT transfer integrals. The site energy of the exciton E 0 is set to be nearly resonant with the delocalized CT states, which are the eigenstates in the CT manifold. Therefore, the photogenerated exciton at the interface can immediately transfer to a CT state with long-range electron-hole separation.
The phonon Hamiltonian associated with the site n is given byĤ ph n = ξh ω nξb + nξb nξ , whereb + nξ andb nξ denote the creation and annihilation operators of the ξth phonon with frequency ω nξ . We assume that the interaction between site n and the phonons are given bŷ H el−ph n = |n n| ξ g nξ (b + nξ +b nξ ), where g nξ stands for the coupling strength of the ξth phonon. This form of the interaction Hamiltonian induces environmental reorganization or small polaron formation [24, 26] . The polaron formation and its timescale are characterized by the environmental relaxation function, Ψ n (t) = (2/π) ∞ 0 dω [J n (ω)/ω] cos ωt, where J n (ω) stands for the phonon spectral density J n (ω) = π ξ g 2 nξ δ(ω − ω nξ ). Specifically, when the spectral density is given by the Drude-Lorentz form, J n (ω) = 2λ n τ n ω/(τ 2 n ω 2 +1), the relaxation function is expressed as Ψ n (t) = 2λ n exp(−t/τ n ) with λ n and τ n being the environmental reorganization energy and timescale of the polaron formation associated with site n, respectively. When the value of τ n is large, the quantum dynamics of the charges exhibit highly nonMarkovian behaviors owing to the lack of timescale separation between the dynamics of the charges and the sur-rounding environment. To focus on the roles of the reorganization energy λ n and the timescale τ n , we employ the Drude-Lorenz model for the spectral density. For simplicity, λ 0 = · · · = λ N ≡ λ and τ 0 = · · · = τ N ≡ τ are assumed throughout the letter.
An adequate description of the CS dynamics is provided with the reduced density operatorρ(t), i.e., the partial trace of the density operator of the total system over the phonon degrees of freedom. The time evolution of the reduced density matrix ρ mn (t) = m|ρ(t)|n for the above Hamiltonians and spectral density can be solved in a numerically accurate fashion [24] through the use of the so-called hierarchical equations of motion approach [27] . This approach adequately describes the small polaron formation process with finite timescales, which has not been well captured in the approach using the multiconfiguration time-dependent Hartree method [14, 28, 29] . For numerical calculations, the Coulomb binding energy is fixed so that e 2 /4πε 0 ε r = 0.30 eV. The other parameters are set to N = 10, E 0 = 0, V XT−CT = 0.15 eV, V CT = 0.10 eV, λ = 0.02 eV, and T = 300 K, which are typical in OPV systems [14, 25, 28, 30, 31] . We checked the consistency of the numerical results, with respect to the role of the non-Markovian polaron formation, by increasing the number of CT sites up to N = 20.
Results.-To investigate the impacts of the small polaron formation process, on the CS dynamics, we address the mean electron-hole distance. Figure 2 presents the time evolution of the mean electron-hole distance, L n t = N n=1 n ρ nn (t), for various values of polaron formation time τ . In the short-time region of t < 50 fs, the mean distance increases up to L n t / 4, independent of the polaron formation time. This indicates that the electron travels through the use of quantum delocalization, straddling multiple sites, leading to fast and long-range forward electron transfer. The quantum delocalization facilitates the energetic uphill transfer.
As time increases, however, the mean electron-hole distance L n t exhibits a decrease, indicating a backward and energetically downhill electron transfer to the interfacial CT state. This turnover is caused by the inherent coherent-to-incoherent transition. That is, owing to the electron-phonon interaction, the formation of the small polaron proceeds, and the electron falls off into one of the minima of the free energy and becomes localized [24, 32] . In this situation, the electron transfer is described as incoherent hopping; it generally follows the classical rate law, where the rate depends on the environmental parameters and satisfies the detailed balance condition. Consequently, the backward electron transfer exhibits the τ -dependence. Furthermore, Fig. 2 demonstrates that the slower polaron formation time is capable of suppressing the backward electron transfer more strongly, and thus, can preserve the long-range chargeseparated state for a longer time. This "non-Markovian protection" against the transfer back to the interfacial CT state is explained by the so-called dynamical solvent effect in condensed-phase electron-transfer reactions [33] [34] [35] . In general, the incoherent electron-transfer reactions in condensed phases involve thermal activation for overcoming the reaction barrier or the free energy of activation, and hence, slower environmental fluctuations yield slower thermal activation. Indeed, the calculated rate of the incoherent backward transfer exhibits τ -dependence of ∝ τ −1 . It can be concluded that the present model with the slow polaron formation times captures the experimentally observed ratchet-like behavior of the ultrafast long-range charge separation and suppression of the charge recombination.
To obtain further insight into the non-Markovian aspects in the CS dynamics, we address the collective phonon coordinate defined asX n ≡ ξ g nξ (b + nξ +b nξ ), which is also termed the solvation coordinate, in the literature on condensed-phase electron-transfer reactions [36] . Specifically, we consider the time evolution of the statistical average, X n (t) ≡ Tr[X nρ tot (t)], whereρ tot (t) is the density operator of the entire system. For the phonon Hamiltonian, X n (t) is expressed by the relaxation function Ψ n (t) as X n (t) = − t 0 ds [∂ s Ψ n (s)]ρ nn (t − s) [37] . The value of X n (t) quantifies the degree of solvation of the electron at site n, namely, the degree of the small polaron formation. In the absence of the electron ρ nn (t) = 0, when the site is in an electrically neutral state, each phonon mode is oriented randomly. Such a situation is represented by X n (t) = 0. When the electron is located at site n, ρ nn (t) = 1, and all the phonon modes are fully polarized and the small polaron formation is completed (t → ∞). Then, we ob- to the instantaneous polaron formation. Therefore, the non-Markovian nature in the suppression of the backward electron transfer can be ensured by the time-lagged behavior of X n (t) behind the population ρ nn (t). Figure 3 presents the time evolution of the statistically averaged collective phonon coordinate associated with the terminal CT site, X N =10 (t) . In the case of fast polaron formation (τ = 10 fs) in Fig. 3a , the time evolution of X N (t) follows the population on the terminal CT site, ρ N N (t) instantaneously. However, Fig. 3b for the slow polaron formation case (τ = 200 fs) exhibits a lag of the coordinate behind the population. This time-lagged behavior, which is attributed to the non-Markovian nature, indicates the existence of sequential processes enabling the ratchet mechanism, as speculated above. That is, (1) the fast forward transfer to the terminal CT site takes place through the use of quantum delocalization. Sequentially, (2) the decoherence to localize the product state proceeds for deterring the facile backward transfer away from the terminal CT site. Thus, (3) the backward transfer is suppressed because of the incoherent hopping dominated by the slow thermal activation, for overcoming the reaction barrier.
Concluding remarks.-In this letter, we theoretically investigated the ratchet mechanism that was made possible via the combination of quantum delocalization and its destruction, in order to understand the underlying physical mechanisms of the ultrafast long-range charge separation and protection against charge recombination. We specifically explored the interplay between the fast forward transfer of the electron through the use of quantum delocalization and the slow backward transfer induced by the small polaron formation, by performing numerically accurate quantum-dynamic calculations. The nonMarkovian effect that originated from the slow timescales of the polaron formation strongly suppressed the backward electron transfer, and consequently, played a critical role in maintaining the large electron-hole distance. The ratchet mechanism proposed in this letter is not restricted in organic photovoltaic systems. This is because the recent progresses in nanotechnology have begun to explore the engineering of the electron-phonon coupling [38] , and pinning down the system in the excess energy states, by protecting from de-excitation, may be experimentally realizable. The quantum Zeno effect induced by the repeated measurements can also be utilized to control the systems [39, 40] . Combinations of the non-Markovian polaron formation with optimized measurement protocols may give us a novel method for controlling and realizing the desired state of quantum systems.
In this study, we neglected the various contributions examined in the previous studies, such as the highfrequency vibrational modes, static disorder, hole delocalization effect, and dimensionality of the system. Whether inclusion of such contributions will change our understanding of the CS dynamics will be an interesting topic for future discussion. The future works can be focused on the interplay between the quantum coherence and its decoherence effect for the optimization of the charge and energy transport.
This work was supported by the JSPS KAKENHI Grant Number 17H02946 and JSPS KAKENHI Grant Number 17H06437 in Innovative Areas "Innovations for Light-Energy Conversion (I 4 LEC)."
